ABSTRACT
INTRODUCTION
Formation of continental crust in subduction-zone environments occurs in part through underplating of basaltic magma at the base of the crust, magmatic differentiation, and injection of magma into the crust. Such processes, which have occurred throughout much of Earth's history (Condie, 1999) , dictate crustal growth rates through a dynamic relationship between material addition and material recycling. In older arc complexes, the isotopic compositions of Sr, Nd, and Pb have long been used to successfully identify recycling of crustal material (Hildreth and Moorbath, 1988) . However, young, mafic arc complexes, which constitute the majority of worldwide arcs (e.g., Reymer and Schubert, 1984) , including the Cascade, Marianas, Tonga, and Aleutian arcs, lack sufficient isotopic contrast among potential magma and crustal components to effectively use Sr, Nd, Hf, and Pb isotope systems to address processes of intracrustal recycling and magma generation. However, the Re-Os isotope system develops large parent-daughter contrasts among magma sources, such as mantle-wedge and crustal material, as shown by the large (Ͼ1000ϫ) magnitude variations in 187 Re/ 188 Os ratios between ultramafic and mafic rocks (Hart et al., 1997; Schiano et al., 1997; Chesley and Ruiz, 1998; Borg et al., 2000) . Such large variations are due to the compatible nature of Os during mantle melting and early fractional crystallization, in contrast to the mildly incompatible nature of Re (Widom and Shirey, 1996; Hart et al., 1997) . The extreme Re-Os fractionation produces mafic crust that can evolve to highly radiogenic (high 187 Os/ 188 Os) isotope compositions in just a few million years. The Re-Os isotope system thus provides a new tool to explore intracrustal recycling in young, mafic arc systems and, potentially, to identify interaction with crustal material of discrete ages. 
RESULTS
Here we report new Os isotope data for lavas from the Quaternary Mount Adams volcanic center in southern Washington, United States (Fig. 1) , which is constructed upon young, primitive arc crust (Hughes, 1990; Hildreth and Fierstein, 1995) and where mantle Os isotope compositions are constrained (Brandon et al., 1996 (Brandon et al., , 1999 . The basalts are calc-alkaline to alkaline in composition, have Mg numbers of 46-61, Ni contents of Ͻ170 ppm, and low MgO contents (4.8-8.8 wt%), and are derived from at least five parental magmas that are represented in the Mount Adams regional eruptive suite (Bacon et al., 1997) . The andesites and dacites are calc-alkaline and have evolved through assimilation and fractional crystallization processes (Leeman et al., 1990; Hildreth and Fierstein, 1995) .
The Os contents of the Mount Adams basalts are notably lower than those of basalts from the southern end of the Cascade arc that have higher Mg numbers (Borg et al., 2000) , consistent with the compatible nature of Os and differentiation, whereas the Re contents of basalts from Mount Adams and the southern Cascade arc are similar. The Mount Adams basalts (whole rocks) have 187 Os/ 188 Os ratios (Table  1 ; Fig. 2 ) ranging from 0.1681 to 0.5637 (␥ Os ϭ ϩ32 to ϩ342; ␥ Os is defined in Table 1 ), whereas the andesites and dacites (magnetite separates) have 187 Os/ 188 Os ratios ranging from 0.1654 to 0.4640 (␥ Os ϭ ϩ30 to ϩ264), all of which are much higher than mantle values. The whole-rock and mineral-separate data cover the same range in ratios and don't correlate with Re/Os ratios. The Os isotope data appear to fall into two groups, a high-␥ Os group (␥ Os Ͼ 150), and a low-␥ Os group (␥ Os ϭ 30-120; Fig. 2 ). The high-␥ Os lavas are calc-alkaline and tholeiitic in nature, and four are from the southern sector of Mount Adams. Distinct groupings of ␥ Os values have been previously noted for basaltic (Borg et al., 2000) and evolved rocks (Hart et al., 2002) at Mount Lassen in the southern Cascades. 
DISCUSSION
Previous studies of mantle xenoliths and lavas from subductionzone environments (Brandon et al., 1996 (Brandon et al., , 1999 Alves et al., 1999; Widom and Kepezhinskas, 1999; Borg et al., 2000) attribute high ␥ Os values that correlate with high 87 Sr/ 86 Sr ratios to radiogenic Os contamination through a slab-derived fluid or a subducted sediment component. Anomalously high Sr isotope compositions in arc lavas are commonly interpreted to represent a number of subduction components, and 87 Sr/ 86 Sr versus ␥ Os mixing lines between average continental crust and mantle wedge-derived magma demonstrate the sensitivity that Sr isotope compositions would have to such subduction components (Fig. 2) . In general, if Os isotope compositions of arc lavas reflect the presence of a subduction component, we would expect such a component to also be reflected in the isotope compositions of other elements. However, the elevated ␥ Os values in the Mount Adams region of the Cascade arc seem unlikely to be explained by a subduction component because the ␥ Os values do not correlate with common chemical or isotopic indices that are used to identify addition of a subduction component (Figs. 2 and 3) , including high 87 Sr/ 86 Sr, enrichment in large ion lithophile elements, depletion in high field strength elements, and high 10 Be and B contents (Leeman et al., 1990) . Indeed, Leeman et al. (1990) and Bacon et al. (1997) noted the subordinate presence of slab or subducted-sediment components in the central Cascade arc, including at Mount Adams. Although it may be possible that Os is transported into the mantle wedge by slab-derived fluids in this part of the Cascade arc, such transport would only minimally increase 187 Os/ 188 Os ratios (Righter et al., 2002) and would have to be decoupled from that of other elements that are indicative of slabfluid addition. We infer that the major mantle reservoirs beneath the axis of volcanic arcs associated with young continental crust do not generally become radiogenic (␥ Os Ͼ 50) through contamination by subduction components. For example, primitive arc-axis basaltic lavas in the Lassen region have low ␥ Os values (ϩ1 to ϩ20), which overlap those of oceanic mantle. Also, peridotite xenoliths from subduction zones indicate that ␥ Os values may range from Ϫ4 to ϩ17 for the subarc mantle (Brandon et al., 1996 (Brandon et al., , 1999 Widom and Kepezhinskas, 1999) , particularly in cases where other elemental indices do not indicate major involvement of subduction components.
We interpret the high-␥ Os values of the Mount Adams rocks to reflect interaction with mafic, lower-crustal material through assimilation and melting processes (e.g., Hart et al., 1997; Chesley and Ruiz, 1998; Hart et al., 2002) . These studies have shown that even moderately fractionated mafic magmas will develop Re/Os ratios high enough that high-␥ Os values (Ͼ50) may be produced in only a few million years. Injection into the lower crust at some time in the past and subsequent evolution of mafic magmas, followed by Os isotope evolution within the lower crust after crystallization, would produce a package of rocks with a continuum of Os isotope compositions that would correlate with Re/Os ratios, and with a slope that would represent the intrusive age of the injection event.
The two groups of rocks from Mount Adams display a positive correlation between ␥ Os and 187 Re/ 188 Os (Fig. 4A ), suggesting that they may reflect interaction with crustal materials that represent two distinct crust-formation events and crustal domains. The most likely age for earlier (though still young) crust would be middle Miocene (ca. 15 Ma), on the basis of estimated magmatism rates for the central Cascades during the Neogene (McBirney and White, 1982) . If we assume that the peak in magmatism rates at ca. 15 Ma reflected a major intrusion episode of mantle-derived basalts into the lower crust (i.e., a significant crust-formation event), we would expect such crust to form a Re-Os data array with a slope and intercept that correspond to the intrusive age and initial (mantle-like) 187 Os/ 188 Os ratios, respectively. Crustal processes that may occur after crust formation, especially those involving interactions with primitive basalts of high-Os concentration and low ␥ Os (heavy arrow in Fig. 4B ), will quickly move the crustal 187 Os/ 188 Os ratios toward that of the mantle (e.g., Hart et al., 2002) , obscuring the radiogenic nature of the young, mafic lower crust. We therefore expect lavas with strongly radiogenic Os signatures derived from crustal assimilation to be relatively uncommon, even if a magmatic system is dominated by interactions with the lower crust.
CRUSTAL HYBRIDIZATION MODEL
The ␥ Os groups at Mount Adams lie along slopes that are significantly younger than ca. 15 Ma (Fig. 4A) . This may be due to crustal hybridization and partial homogenization processes that occurred during the major magmatic episodes in which Mount Adams and its precursors were constructed, between 900 ka and the present (Hildreth and Lanphere, 1994) . Relatively little homogenization will rotate the crustal age array about the average ␥ Os composition of the crust, producing a magma homogenized in terms of Os isotopes due to its low abundance. Addition of new, mantle-derived magmas will draw the crust toward the initial isotopic composition of magmas involved in the crust-formation event (Fig. 4B) . Such intracrustal homogenization processes involving ca. 15 Ma lower crustal basaltic material would be expected to produce lavas that have ␥ Os values and 187 Re/ 188 Os ratios that cover the range observed for the low-␥ Os group of this study, which lie along an isochron slope of ca. 2 Ma (Fig. 4B) . Much older crust is necessary to generate the high-␥ Os data.
The distinct groupings observed in the ␥ Os versus Re/Os relationships for the Mount Adams lavas reflect interaction with lower-crustal material of two distinct ages, highlighting the great sensitivity that the Re-Os isotope system has for investigating the age versus composition architecture of the lower crust in orogenic zones. Our model requires an Oligocene or older crust (at least 25 Ma) with a higher average Os isotope and Re composition to explain the high-␥ Os group. Such old ages may reflect interaction with the oldest basement of the central Cascade arc, which is generally pre-Tertiary in age (Miller, 1989) . Detection of such old crust can be difficult because it would be buried in the root zone of an arc and its geochemical characteristics might not be distinctive using more conventional isotopes and trace elements. For example, 12-11 Ma lower oceanic crust has 87 Sr/ 86 Sr ratios between 0.7028 and 0.7030, which are indistinguishable from modern midocean-ridge basalts, in contrast to its very high ␥ Os values up to ϳ250 ( Fig. 2 ; Blusztajn et al., 2000; Holm, 2002) .
CRUSTAL GROWTH MODELS
The evidence for significant intracrustal recycling of unradiogenic mafic lower crust requires reevaluation of models for crustal growth. For example, Nd isotope compositions of western U.S. Phanerozoic arc rocks have been used to estimate that 20%-80% intracrustal recycling occurred during major Mesozoic arc magmatism leading to crust formation. The largest amounts of crustal recycling are calculated for arc segments that were constructed on Precambrian terranes (DePaolo et al., 1991; Johnson, 1993) . Although large net additions to the continents (i.e., minimal intracrustal recycling) are calculated for arc segments that are underlain by relatively young crust on the basis of the small isotopic contrast between subduction-related magmas and the mantle (DePaolo et al., 1991; Johnson, 1993) , such estimates may simply reflect the insensitivity of many commonly used isotope systems (Sr, Nd, Hf, and Pb) to tracing intracrustal recycling in such settings. Our results suggest that net additions to the continents from mantle-derived melts calculated for Phanerozoic arc complexes may be much smaller than previously thought if the apparently widespread intracrustal recycling we have demonstrated for the central Cascade arc is typical of orogenic arc systems.
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